This work is the study of one particular candidate for white etching crack (WEC) initiation mechanism in wind turbine gearbox bearings: discharge current impulses flowing through bearing steel and associated thermal stresses and material fatigue. Using data/results from previously published works, the authors develop a series of models that are utilized to simulate these processes under various conditions/local microstructure configurations, as well as to verify the results of previous numerical studies. Presented models show that for the parameters used herein, the resulting stresses are several orders of magnitude below the fatigue limit. Results and analysis of models provided by Ščepanskis, M. et al. also indicate that certain effects predicted in their previous work resulted from a physically unfounded assumption about material thermodynamic properties and numerical model implementation issues.
Introduction
WEC formation is a common yet poorly understood fatigue failure mode in machinery components subject to cyclic and/or transient loads. WEC occurrence is widespread, but it is especially frequent in wind turbine gearbox bearings. These undergo breakdowns much earlier than predicted by rolling contact fatigue (RCF) models, which implies that other factors are also responsible for shorter bearing lifetimes (6-24 months VS the desired 20 years). WEC initiating factors and mechanisms of formation are still unclear.
There exist several hypotheses proposing different bearing failure mechanisms leading to WEC. However, even though recent experimental results have narrowed down the list of potential WEC responsible factors, the reasons for premature failure are still unclear [1] . Moreover, in contrast with extensive experimental research, very few theoretical or modelling works have been published to date [1] , most of which deal with crack development, not initiation and attempt to explain how WECs are formed, which could be one of the symptoms of bearing failure, not initiators as was previously believed [2] .
It has been proposed that electrothermally generated stress is concentrated at defect sites, such as carbide inclusions, due to discharge current generated Joule heat where current flows around defects [1, 3] . With that in mind, the authors present the development of a model for thermal stress accumulation within the steel structure due to discharge currents known to flow through bearings during operation.
General Modelling Framework
One must note that currently there is little to no information regarding the range of magnitudes of stray currents in operational gearboxes. There exist hypotheses as to the origins of these discharges, but none have been verified with certainty. However, rig tests by where cyclic loads were combined with artificially applied voltages across bearings [2, 4] provide grounds for initial attempts to ascertain the magnitude of current induced stresses without delving into the details of current generation/propagation.
Models presented herein assume a spherical carbide inclusion ("grain") within the otherwise homogeneous martensite phase steel structure by default, with various model to model modifications (discussed below). A thin relatively heightened thermal/electric resistance interface layer between the grain and the surrounding structure commonly seen in alloys is accounted for. Discharge current is assumed to flow through a straight cylindrical channel containing the carbide grain.
In light of the work by Ščepanskis et. al. [3] , presented models will match material parameters used therein for verification purposes. Discharge duration (t dis )/delay (t del ) are 1 μs and 100 μs respectively loosely based on the data obtained by Loos et al. [4] , which is used as a reference due to lack of information about the actual discharge times in wind turbine bearings. All presented calculations are based on parameters in Tab. 1. Boundary layer thickness is assumed to be 0.01 μm. Note that only rough estimates of the boundary layer parameters are available. Since the model only deals with an isolated defect, the surrounding structure is assumed to be regular in the sense that grains are spaced by separating distances of 10 μm (some of the longest seen in micrographs) in an array of "cells" where a grain is surrounded by steel matrix, current channel being directed through the cell. Grain radius is set to r g = 0.5 μm, current density is set to 10 8 A/m 2 throughout the discharge period.
Proposed Models

Analytical Model
Proposed model hierarchy schematic representation is found in Fig. 1 . First, a simplified analytical model is constructed. Its purpose is twofold: first, it provides order of magnitude estimation and approximation of profiles of temperature distribution and accumulated thermal stresses (time evolution) within the domain of interest to later verify numerical model results; secondly, it assists in numerical model definition and establishment of validity bounds.
The assumption is that when current flows around a spherical defect, Joule heat output is concentrated near the grain/steel boundary along grain equator. Current density magnitude at the equator is estimated from the discharge channel (radius r c ) base/grain restricted cross section areas' ratio for r c /r g close to 1. Due to rotational symmetry with respect to current channel axis, temperature profile time evolution is solved for using a one dimensional radial line (coplanar to heat source) approximation, wherein two domains are considered -grain and steel, where a point-like Joule heat source is placed at the interface. Material boundary layer thermal resistance is not accounted for. To further simplify the problem, it is solved separately for each domain on a semi-open interval. Stresses are obtained similarly, but from three dimensional equations wherein the temperature profile is used as input. Isotropic materials and small strains are assumed. This means that the model will overestimate temperature/stresses by some margin while maintaining orders of magnitude.
The initial conditions are 293.15 K uniform temperature field and stress-free material. The heat transfer problem is then solved to yield the following temperature function T r, t and subsequently stress profiles σ r, t via thermoelasticity equations
Here g, a r , f r contain electric, thermal and mechanical parameters of materials and are assumed to be constant in time and space within respective domains. In this case, the abovementioned grain cell dimension is 5.5 μm, where the heat source is at r = 0 μm, grain center is at r = −0.5 μm, cell boundary is half the grain separation distance away from origin, at r = 5 μm.
Numerical Models
COMSOL Multiphysics 5.3 environment is used for finite element modelling throughout this work. Three modules are utilized -AC/DC (solves for electric potential), Heat Transfer (temperature) and Structural Mechanics (displacement field), all of which are coupled. These then compute current distribution and Joule power output over domain of interest, resulting temperature and stresses, as well as other derived physical quantities. Meshes are very fine (0.005 − 0.02 μm element size) near the grain and are coarsened further away (element growth rate is tailored for each model). Lines indicated by (x) in Fig. 2 designate extra mesh refinement areas that are adapted to channel width changes.
The first model is the toroid heat source along grain equator ( Fig. 2.1 ). The source is artificial -here it is not calculated from current distribution, but rather its intensity matches The next step is the actual discharge model (Fig 2. 2). Here current influx is set at the upper end of the channel whereas the other one is grounded. This model comes in two variations -with/without material boundary layer. This is used to investigate material boundary layer influence on stress accumulation. Again, to verify model validity, the one with no boundary layer is parametrically studied to check whether or not and how strongly it is related to the above verification models. Specifically, current channel radius is varied to see if the discharge model converges to the toroid source model as channel radius tends to that of the grain. Afterwards, this model is further upgraded to three variations: two different configurations where a defect consisting of two adjacent grains is modelled (Fig 2.3 and its counterpart configuration, which is 3 dimensional; see Fig. 1 ) to investigate proximity effects (grain separation distance is varied); the other is an attempt at martensitic structure modelling (Fig 2.4) where martensite "sheets" are placed in proximity to the grain and respective boundary layers are accounted for. Model 1 is 2-dimensional, axially (left boundary) symmetric. The outer boundary is electrically/thermally insulated and set as freely mechanically displaceable. This also applies to models 2, 3, 4. In 1, the heat source is set as a circle of a very small radius. Models 2, 3, 4 include a discharge channel (a narrow rectangle of variable radius with grains inside) with an electrically insulated boundary. Model 3 contains two grains (separation distance variable). Model 4 represents an attempt to model the interaction of grains with martensitic steel "sheet" shaped domains; specifically, it models the effect of physical contact on stress accumulation near the carbide grain. For these reasons the problem is reduced to an axially symmetric 2-dimensional. The five long radiating lines in Fig 2. 4 indicate sheet boundaries.
Results and Analysis
First, the analytical model is used to estimate temperature/stress distributions within the grain and the surrounding steel (Fig. 3) . Note that the temperature difference (from here on simply "temperature") and von Mises stress (from here on simply "stress") maxima are just outside the grain boundary. The model clearly indicates that current induced overheating and stress levels are miniscule, about 80 μK and 250 Pa respectively. Stress is predicted to be compressive with respect to the grain. Obviously, profile shapes farther away from the grain surface should be percieved as simple scetches as magnitudes thereof are expected to fall off more rapidly with distance.
Next, the model is used to determine the effective heat impulse propagation time to the adjacent cell boundary. This is important because it indicates whether or not adiabatic external boundary conditions are well suited for numerical models in terms of potentially introduced errors. This characteristic timescale was found to be τ = 1.5 μs, which exceeds the discharge duration. Given the temperature overestimations introduced by the model, this value has a safety margin. Thus, numerical model dimensions will match those proposed in the above sections without risking considerable errors due to heat impulse "rebound". This also justifies the use of mechanically free external boundary in numerical models. Nevertheless, all numerical models were also tested by doubling exterior dimensions -the results differed at most by 2%.
As a consistency check numerical model 1 is run, indicating that COMSOL simulations are in order of magnitude agreement with the analytical calculations (Fig. 4) . The rates of temperature/stress buildup are also consistent, given the differences.
Temperature profile asymmetry is also quite similar to that predicted analytically, with the expected difference in magnitude decrease over distance. Temperature buildup and stress are concentrated just outside the grain as predicted. Clearly, for such small temperature variations and stresses, the temperature dependence of σ and thermoelastic damping can be neglected and the small strain approximation is valid. Nevertheless, all numerical models are tested and indicate that these effects are in fact irrelevant.
Model 2 is first run for a single grain with/without a boundary layer. Initial channel width is set to d c = 1.5 μm (the default value for subsequent models). Current is shown to concentrate near grain equator, as initially thought (also seen in [3] ), forming a heat source similar in shape to a toroid, which hints at a relationship between this model and the two described above. Indeed, varying d c shows that as it tends to that of the grain the model converges to the toroid model in the sense that temperature and stress radial profiles become increasingly similar, almost to the point of matching in shape and magnitude.
It is found that even a very thin material boundary layer has a considerable impact on temperature field evolution for such time scales as evident from Fig. 5 . In abscence of the boundary layer the grain quickly overheats, but in the opposite case there is a very steep gradient about the boundary (Fig 5d, 5e) . It should be noted that Fig. 5e closely resembles the This is no coincidence, since solving for two domains separately has the same effect as placing an infinitely resistive thin layer inside the two material interface and more heat is transported further away from the grain, reducing the rate of temperature decrease over distance. Fig. 5c shows the resulting stress field. Material boundary layer presence results in a ~ 10% stress magnitude increase. Note the two regions above and below the grain that are in contrast with the high stress zone. These correspond to stagnation zones where very little current flows.
Simulations indicate that the grain is generally being stretched along channel axis and compressed in axis orthogonal plane containing the grain equator. As in the above models, stresses monotonously increase over time. Calculated volumetric strain and stored elastic energy values are negligible.
A parametric study where d c is varied (1 − 2 μm) with fixed total current or fixed current density shows that in the former case narrower channels produce higher stresses while in the latter the outcome is the opposite with ~ 20% changes in of stress magnitude. All tests result in stress patterns similar to the default (Fig. 5c) case. Boundary layer parameter variations indicate strong sensitivity to its thermal resistance. From here on, all models are implemented with material boundary layers enabled.
Next, model 3 is run. Current flow stagnation zone is observed between the grains, but otherwise the pattern around each grain is similar to the single grain case. Proximity effect manifests as additional stress accumulation (Fig. 6 ) due to heat "entrapment" between the two grains (maximum stress values are still just outside the grain boundary near grain equator). Grain separation distance parametric study indicates that the maximum stress magnitude increases ~twofold as the distance decreases from the initial 0.5 μm to 0 μm. Here the grains are stretched in opposite directions away from the proximity zone and compressed in every other direction.
The model where the two grains are placed in the channel cross section plane yield similar results, where extra stress is accumulated between the grains due to current density relative increase as well as proximity effect. Here stress values are ~ 15% greater.
Finally, model 4 is run. It evident seen that sheet/sheet boundaries act to confine current flow (Fig. 7a) to an increasingly narrow channel and near the grain boundary it is forced through a very small volume close to grain/sheet boundaries (Fig 7.b) . One must note that this is only true for material boundary layer σ values less than or close (in Fig 7. equal) to that of the carbide grain, as indicated by parametric studies. This results in a number of zones where very high amounts of heat are generated near and beneath the grain surface, especially in the latter case, where as a consequence grain volume overheat relative to the exterior steel matrix is very pronounced: the temperature maximum is within the grain volume (Fig 7c, 7d) , as opposed to the previous cases. Carbide grain has the lower α value, so stress is still concentrated just outside of the grain surface (Fig. 7e) , but magnitudes are up to ~ 40% higher than in the case of homogenous steel structure. Grain deformation character is the same as in model 2.
Discharge channel width parametric sweep reveals tendencies similar to those observed above, but unlike the two previous models, this one is much less sensitive to current channel radius variations.
Since t del = 100 μs, stress relaxation occurs well before another discharge occurs, as shown by the frequency-transient analysis of presented models. It is also clear that should the t dis /t del ratio be high enough, residual electrothermal stress accumulation could, though unlikely, eventually assist RCF induced material failure. This is something that needs to be investigated further -however, different models must be constructed for larger timescales.
Upon request, Ščepanskis, M. has provided the model used in [3] to the authors of this work for examination (see Fig. 8 ). This model is of similar nature, but its radial dimension is 1 μm and t dis = 100 μs by assumption. Here (1) is the grain (r g = 0.5 μm), (4) is bulk steel -these have the properties shown in Tab. 1; (3) represents martensite phase steel "needle" structure (actually a sheet cross section) and (2) is a domain where orientation differs from (3) and has lower σ and k. It is stated in that C p of (3), C p3 , is expected to be much less than that of (1), (2), (4) and is set to 1 J ⋅ kg Fig. 6] ). This is not backed by any valid arguments and is dubious given that for temperature range of interest C p and k of metals are proportional and thus also proportional to σ via the Wiedemann-Franz law (here σ 3 and k 3 are very high, but C p3 is very low) and the dimensions of (3) domains are not such that thermal/electrical conduction are restricted enough to affect C p so drastically.
Thorough testing indicates that certain effects reported in [3] are a product of artifacts introduced by a very coarse mesh. Moreover, the deformations, although claimed to be significant, are not. Volumetric stress calculations yield values of the order of 10 −3 , which is well within the error margin for this model. The deformations shown in [3, Fig. 5, 6 ] are found to be a product of scaling by a factor of ~ 5800, which was not mentioned. The size of the reported nanovoid is three orders of magnitude below that of the smallest finite element. Tests with a high quality mesh indicate that for C p3 > 4 ⋅ g −1 K −1 stresses decrease ~tenfold and for C p3 > 40 the model qualitatively reverts to model 2 presented herein; for C p3 > 300, the model breaks down, because its t dis ≫ τ. Interestingly, this is where the model quanlitatively converges to analytical estimates -at C p3 = 400 both predict stresses on the order of 0.01 to 0.1 MPa, the former yielding greater magnitudes due to heat impulse "rebound" at the model boundary.
Conclusions
It is shown that for discharges of magnitudes/durations modelled herein the resulting stresses are several orders of magnitude below the fatigue limit. It is clear then that premature bearing failure observed by Loos et al. and in other similar tests are not due to the mechanisms proposed in present work, especially given that current densities were greatly exaggeragted.
Several noteworthy effects are observed: carbide grain/steel material boundary layer noticeably facilitates stress accumulation at inclusions; grains' proximity within the discharge channel greatly increases stress levels at said defects; martensitic structure simulations reveal subsurface heat generation within carbide grains in cases where grain/steel boundary electrical conductivity is close to or lower than that of the grain interior.
Results obtained by Ščepanskis, M. et al. are shown to have been a product of an unfounded assumption about material thermodynamic properties and numerical model definition and implementation issues.
This work is to be percieved as a semi-quantitative study as well, due to many of the parameter values being unknown or known only to a certain degree of approximation (current density, discharge duration/delay, boundary layer parameters, discharge channel geometry).
New models must be developed in order to investigate transient response of manydefect bearing steel structure for higher t dis /t del values; energy dissipation at material boundaries and electromagnetic forces are to be accounted for -all this cannot be accurately done within the framefork assumed herein.
